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Contemporary high-throughput technologies permit the rapid iden-
tification of transcription factor (TF) target genes on a genome-wide
scale, yet the functional significance of TFs requires knowledge of
target gene expression patterns, cooperating TFs, and cis-regulatory
element (CRE) structures. Here we investigated the myogenic regu-
latory network downstream of the Drosophila zinc finger TF Lame
duck (Lmd) by combining both previously published and newly per-
formed genomic data sets, including ChIP sequencing (ChIP-seq),
genome-wide mRNA profiling, cell-specific expression patterns of
putative transcriptional targets, analysis of histone mark signatures,
studies of TF cooccupancy by additional mesodermal regulators,
TF binding site determination using protein binding microarrays
(PBMs), and machine learning of candidate CRE motif compositions.
Our findings suggest that Lmd orchestrates an extensive myogenic
regulatory network, a conclusion supported by the identification of
Lmd-dependent genes, histone signatures of Lmd-bound genomic
regions, and the relationship of these features to cell-specific gene
expression patterns. The heterogeneous cooccupancy of Lmd-bound
regions with additional mesodermal regulators revealed that dif-
ferent transcriptional inputs are used to mediate similar myogenic
gene expression patterns. Machine learning further demonstrated
diverse combinatorial motif patterns within tissue-specific Lmd-
bound regions. PBM analysis established the complete spectrum
of Lmd DNA binding specificities, and site-directed mutagenesis of
Lmd and additional newly discovered motifs in known enhancers
demonstrated the critical role of these TF binding sites in support-
ing full enhancer activity. Collectively, these findings provide in-
sights into the transcriptional codes regulating muscle gene
expression and offer a generalizable approach for similar studies
in other systems.

he Drosophila larval somatic muscles are multinucleated

myotubes, each having unique properties determined by
a population of mononucleated myoblasts termed founder cells
(FCs). FCs fuse with a group of neighboring muscle cells called
fusion-competent myoblasts (FCMs) to form muscle precursors,
with the final size of the muscle determined by the number of
fusion events (1, 2). The expression patterns of the muscle identity
TFs are responsible for the diversity of FC and myotube identities
(3). However, FCMs are also a relatively heterogeneous pop-
ulation of myoblasts that possess their own developmental tran-
scriptional regulatory networks (4-8). A central player in the
specification of FCMs is a member of the Gli superfamily of zinc
finger TFs, Lame duck (Lmd) (5, 7, 8). The absence of multinu-
cleated somatic myotubes in /md mutants together with the re-
stricted expression of Lmd suggest that the effects of this TF are
autonomous to FCMs (5, 8).

A recent study combined expression profiling and ChIP fol-
lowed by microarray analysis (ChIP-chip) to dissect the regulatory
network downstream of Lmd. These experiments used tiling
microarrays covering only about half of the genome in large 3-kb
fragments and showed significant overlap among Lmd- and Mef2-
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bound regions (4). Surprisingly, these findings uncovered di-
vergent regulatory effects of Lmd and Mef2, with different genes
showing either additive, cooperative, or antagonistic responses to
these TFs. However, because the expression patterns of all of the
candidate target genes were unknown, it was not possible to assign
cell-specific functions of these TFs to each putative target. Fur-
thermore, because the Lmd binding site was unknown, no site-
directed mutageneses of Lmd motifs were undertaken, leaving the
molecular basis of Lmd regulation unresolved. Such analyses are
critical to confirm that direct protein-DNA interactions are nec-
essary for enhancer activity, because ChIP data do not distinguish
between this mechanism and TF interactions with other proteins
that bind to DNA, and TF binding alone does not always predict
gene activity (9).

To address these unanswered questions and to increase the
sensitivity and genome-wide coverage of Lmd chromatin occu-
pancy, we used ChIP sequencing (ChIP-seq) to investigate the
Lmd binding in purified primary mesodermal cells. Previously
published histone mark signatures (10), TF cooccupancy (11),
and newly performed machine learning, Lmd binding site de-
termination, and site-directed mutagenesis of Lmd and other key
regulatory motifs revealed that Lmd directly orchestrates a di-
verse network of target genes in FCMs through collaboration
with additional mesodermal regulators.

Results and Discussion

An atlas of mesodermal enhancers was described based on in
vivo binding of key mesodermal regulators including Twist (Twi,
a master regulator of the mesoderm), Tinman (Tin, a regulator
of the dorsal mesoderm), and myocyte enhancer factor 2 (Mef2,
a regulator of muscle differentiation) [see Fig. S1 for cell types
and TF expression patterns (11)]. These TFs function in various
combinations to confer both general and subtype-specific (in-
cluding FC and FCM) mesodermal properties (12). To more
thoroughly characterize the FCM gene regulatory network, we
first defined a larger collection of FCM enhancers. Because Twi
is both necessary and sufficient for formation of all mesodermal
derivatives (13), and Mef2 is a myogenic TF with a similar
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mutant phenotype as Lmd in the somatic mesoderm (5, 7, 8, 14),
we reasoned that genomic regions bound by Twi and/or Mef2
and associated with genes expressed in FCMs (Dataset S1) may
be enhancers for those genes. To test this hypothesis, we ex-
amined 18 such regions for transcriptional activity using trans-
genic reporter assays (Dataset S1; Fig. S2) (15, 16). Although
only 2 of these regions were active in FCMs (Fig. S2), 13 were
active in other mesodermal derivatives (Dataset S1). During the
course of these studies, the in vivo binding profile of Lmd was
published using ChIP-chip tiling arrays containing 3-kb regions
encompassing about half the genome (4). Five of the regions we
tested were cobound by Lmd, with one being active in FCMs
(Dataset S1; Fig. S2). However, because our tested sequences
(which were on average 745 bp) are much shorter than the
microarray regions and the entire genome was not previously
examined, we decided to increase the extent and resolution of
Lmd in vivo binding using ChIP-seq. (17).

Genome-Wide Map of Lmd-Bound Genomic Regions. We previously
generated a compendium of gene expression profiles based on
known genetic perturbations of myogenesis, used this resource to
predict cell-specific mesodermal gene expression patterns, and
validated hundreds of these predictions at single cell resolution
using whole embryo in situ hybridizations (6, 18, 19). These
studies allowed us to functionally divide gene expression in the
somatic mesoderm into three categories, which include expres-
sion only in FCs (referred to here as FC), only in FCMs (FCM),
and in both cell types (FCM+FC) (Dataset S1). Interestingly, the
expression of the majority (88%) of FCM and FCM+FC genes
coincides with the expression of /md, with expression beginning
at stage 11 when FCMs are specified, continuing throughout
myoblast fusion, but not being detected in fully differentiated
muscle fibers (20) (Dataset S1). This finding suggests that Imd
target genes are first activated before cell fusion and are neces-
sary in the processes preceding terminal myotube differentiation
and function. Accordingly, we examined in vivo Lmd binding
throughout a 2-h window during which FCMs are first specified
but before extensive cell fusion with FCs. Because Lmd-positive
cells represent only the minority of the entire embryo (Fig. S1),
we chose to increase the sensitivity of detecting site-specific Lmd
occupancy by purifying primary mesodermal cells using flow
cytometry before performing ChlP-seq (6) (Fig. S3).

Lmd binding was detected at 5,119 genomic regions, with the
majority located in introns and intergenic sequences (Fig. S44).

To provide confirmatory evidence that these regulatory sequences
are likely to be functional, we verified that they are enriched for
monomethylation of histone H3 on lysine 4 (H3K4mel; Fig. S4B),
a histone mark characteristic of enhancers (10, 21). Importantly,
Lmd is bound to all eight known enhancers with FCM activity
(Fig. SS5; Dataset S1), suggesting that Lmd is directly activating
these regulatory sequences.

To evaluate the relevance of Lmd binding to the regulation of
target genes, we associated significantly bound regions with their
nearest neighboring gene and focused on genes that are known
to be expressed in FCMs. This analysis revealed that both classes
of FCM genes (FCM only and FCM+FC) are enriched for Lmd
binding, a result that is significantly more pronounced when Lmd
peaks that are also marked with H3K4mel are considered (Fig.
1A4). In addition, the majority of FCM and FCM+FC genes are
down-regulated in /md loss-of-function mutants, suggesting that
these genes are activated by Lmd (6) (Fig. 1B). Furthermore, we
note a similar enrichment of Lmd binding associated with ad-
ditional genes that are down-regulated in /md loss-of-function
mutants in our prior genome-wide expression profiling experi-
ment, independent of their assessment by in situ hybridization as
being specific to FCMs or FCM+FCs (Fig. S64). Taken together,
these results suggest that Lmd plays a central role in the FCM
gene regulatory network, targeting the majority of FCM genes.

Distinct chromatin modifications are known to be associated
with different gene expression states (22). Recently, a series of
histone modifications from sorted Drosophila mesodermal nuclei
was used to predict mesodermal enhancers (10). In particular,
acetylation of histone H3 on lysine 27 (H3K27ac) and trimethy-
lation of histone H3 on lysine 79 (H3K79me3) were associated
with active enhancers. Thus, to further evaluate the functionality
of Lmd-bound sequences near FCM or FCM+FC genes, we ex-
amined these additional aspects of their chromatin state. Indeed,
Lmd-bound regions associated with both FCM and FCM+FC
genes are enriched for marks of active enhancers, including
H3K4mel, H3K27ac, and H3K79me3 (Fig. 1C). Similar results
were obtained for additional genes that are down-regulated in
Imd loss-of-function mutants, independent of whether they
were classified by in situ hybridization as FCM or FCM+FC (Fig.
S6B). These results show that the activity state of FCM or FCM+
FC genes is mirrored in the associated Lmd-bound candidate cis-
regulatory elements (CREs).

Fig. 1. Lmd-bound CREs associated with FCM and
FCM+FC genes. (A) Fraction of Lmd-bound CREs asso-
ciated with different cell types. Based on gene expres-
sion assessed by whole embryo in situ hybridizations,
we defined two gene sets: genes up-regulated exclu-
sively in FCMs and genes up-regulated in both FCMs
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controls using the Wilcoxon rank sum test.
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Binding Patterns of Other Myogenic TFs Compared with Cell-Specific
Lmd-Bound Genomic Regions. To further dissect the Lmd gene
regulatory network, we examined the in vivo cooccupancy of
Lmd-bound regions with other key mesodermal regulators, in-
cluding Twi, Tin, and Mef2 (11). Clustering of Lmd-bound geno-
mic regions occupied by at least one of these TFs (23) revealed five
distinct Lmd/TF clusters (Fig. 2), each corresponding to an in-
teraction between Lmd and another mesodermal regulator(s). We
then evaluated the enrichment of Lmd/TF clusters associated with
FCM genes. This analysis revealed extensive combinatorial reg-
ulation of genes expressed in FCMs, as well as similarities and
differences in transcriptional input to both FCM and FCM+FC
gene sets.

The largest Lmd/TF cluster (39% of all clustered Lmd/TF
regions) was cobound by both Lmd and Mef2 but did not include
the other two TFs (cluster D; Fig. 24). Moreover, this cluster was
characteristic of both FCM and FCM+FC genes (Fig. 2B).
Similarly, an Lmd/TF cluster of regions cobound by Lmd, Mef2,
and Twi (cluster C; Fig. 24) was enriched in both FCM and
FCM+FC gene sets.

There were also differences in the combinatorial binding of
different TFs to FCM genes. For example, FCM but not FCM+
FC genes were cobound by Lmd, Tin, and Mef2, whereas FCM+
FC but not FCM genes were cobound by Lmd, Tin, and Twi. The
coordinated binding by all four TFs (Lmd, Tin, Twi, and Mef2)
predominantly targeted FCM+FC genes (Fig. 2B). The in-
volvement of all four examined TFs in regulating FCM+FC genes
likely reflects the broader expression pattern of these genes in
both cell types. This result is in agreement with the enrichment of
all four TFs with genes down-regulated in /md loss-of-function
mutants (Fig. S7), which is a larger set of genes that includes both
FCM and FCM+FC expression patterns. The diversity of tran-
scriptional input, with no single combination of TFs accounting for
all aspects of FCM gene expression, supports the heterogeneity of
regulatory models available to mediate highly similar but non-
identical gene expression patterns. For example, an enhancer for
Mef2 (an FCM+FC gene) that is cobound by all four TFs is in-
deed active in both cell types (5), whereas the enhancer for blown
fuse (blow), an FCM-only gene, is cobound by Twi, Lmd, and
Mef2 (4, 24). This heterogeneity of available regulatory models
may explain the conservation of expression pattern by non-
conserved enhancers, because such enhancers are likely in-
tegrating distinct combinations of motifs (25).

These results suggest that Lmd, Twi, and Mef2 are collabo-
rating in various combinations to regulate different subsets of
genes that are expressed in FCMs. The cooccupancy of Lmd-
bound genomic regions with Mef2 is in agreement with a previous
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Fig. 2. Interaction between Lmd and other mesodermal TFs. (A) Clustering
Lmd-bound sequences cooccupied by Tin, Twi, and Mef2. K-means clustering
based on Euclidean distance was performed according to the presence/ab-
sence of the binding of other mesodermal TFs. (B) Distribution of the in-
dicated Lmd peaks associated with FCM or FCM+FC genes. The specificity P
value is estimated by comparing the indicated cluster with “all Lmd peaks”
using the hypergeometric distribution. (*P < 1072 **P < 1073; ***p < 1074)
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study (4). In addition, the prevalence of cobinding by Twi in these
transcriptional codes is interesting, as /md was discovered as
a Twi-dependent gene, and a recently characterized enhancer for
Imd is bound by Twi (7, 10, 11). These findings suggest that Twi is
directly regulating Imd. Thus, a feedforward loop initiated by Twi
may facilitate the regulation of gene expression in somatic FCMs
by these two TFs (Fig. S84) (26). Twi also activates the expression
of Tin and Mef2, which often act together to regulate target genes
(11, 27), suggesting that numerous feedforward loops are initiated
by Twi (28). Similar feedforward loops are initiated by MyoD in
initiating and maintaining myogenic differentiation in mam-
mals (29). Interestingly, the binding of Twi is critical for Lmd
binding to the blow FCM enhancer (Fig. S8C), suggesting that
the combinatorial occupancy of these two TFs may be facilitated
by protein-protein interactions that are aided by closely spaced
Lmd and Twi binding sites (see Fig. 54). In summary, these results
demonstrate that Lmd is a critical contributor to the somatic
myogenic program, with different but overlapping transcriptional
codes working together to regulate appropriate spatiotemporal
gene expression patterns in FCMs.

Machine Learning Identifies Additional Sequence Motifs Enriched
Within Cell-Specific Lmd-Bound Genomic Regions. The preceding
analyses suggest similarities and differences in transcriptional
input to Lmd-bound CREs, which we hypothesize should involve
additional differentially used motifs. To test this idea, we mod-
ified a machine learning approach that we previously used to
decipher the motifs and enhancers that underlie the gene ex-
pression patterns of muscle FCs (16) and the human heart (30).
This method identifies specific sequence patterns characteristic
of a set of noncoding sequences relying primarily on known TF
binding motifs from the literature and available databases. After
mapping 1,358 TF binding motifs onto Lmd-bound ChIP-seq
and control sequences, we used a support vector machine (SVM)
with linear kernels to discriminate Lmd-bound from control se-
quences based on the occurrence of TF binding motifs (S
Materials and Methods). In a linear SVM where each motif is
given a weight and motifs associated with the Lmd-bound
sequences receive positive weights, we trained two linear SVMs
independently: one for Lmd bound sequences associated with
FCM genes and another for Lmd peaks associated with FCM+
FC genes. We then selected the top 40 positive motifs with the
highest weights in each classifier and grouped these motifs
according to the protein families of their respective TFs Most of
these TF binding motifs correspond to TFs belonging to a limited
number of protein families with a similar binding domain (Fig. 3).

Similar to the heterogeneity of Lmd, Tin, Twi, and Mef2
interactions associated with FCM and FCM+FC genes in vivo,
the analysis of Lmd ChIP-seq peaks from FCM and FCM+FC
genomic regions revealed differential utilization of previously
undescribed TF binding sites derived from the classifiers for
these two classes of loci (Fig. 3). We were encouraged that zinc
finger motifs, which might represent binding sites for Lmd, were
heavily weighted in both FCM and FCM+FC Lmd-bound se-
quence classes (Fig. 3; Dataset S2). In addition, both FCM
classes were enriched for E-box motifs that are bound by mem-
bers of the basic helix-loop-helix (bHLH) class of TFs and in the
mesoderm could include Twi and MyoD (Fig. 3; Dataset S2),
although in vivo binding by Twi (Fig. 2) suggests that many of the
identified E-boxes may be occupied by this TF. A similar en-
richment of zinc finger and E-box motifs was seen among addi-
tional genes that are down-regulated in Imd loss-of-function
mutants (Dataset S2).

Interestingly, neither FCM- nor FCM+FC-associated Lmd-
bound sequences were enriched for Mef2 motifs, despite Mef2
coclustering with Lmd and other TFs near both of the FCM gene
sets (Fig. 2). This result is in agreement with a separate study
that failed to document an enrichment of Mef2 motifs among
Mef2-occupied genomic regions at early developmental stages
(31). Thus, the transcriptional response specificity of Mef2 must
invoke cooperation with cofactors or other TFs to correctly
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Fig. 3. Modeling Lmd ChIP-seq peaks reveals motif features associated with
FCM gene sets. We trained a linear SVM for each FCM gene set and ranked
TF binding motifs according to their linear SVM weights, which reflect the
discriminating power of these motifs. For each FCM gene set, we collected
the top 40 TF binding motifs and grouped TF binding motifs according to
protein families (i.e., binding domain shown in this heatmap) of their re-
spective TFs. A binding domain generally has a set of motifs, and thus cor-
responds to several rows in this heatmap. The motifs for which TFs are
unknown were excluded here (see Dataset S2 for all motifs).

determine DNA binding site selectivity (32). Alternatively, Mef2
does not directly bind to DNA but is coimmunoprecipitated with
other TFs that are bound directly to DNA. In support of the
former possibility, Mef2 has been shown to directly regulate gene
activity in FCMs (33).

We also note an enrichment of motifs for the Forkhead (Fkh)
class of TFs among both FCM+FC and FCM Lmd-bound
sequences. We have previously shown that the Fkh class of TFs
plays a critical role in directing tissue-specific mesodermal gene
expression patterns in the visceral, somatic, and cardiac mesoderm
(34). These results imply that Fkh motifs also contribute to the
transcriptional response specificity of FCM genes. Other positively
weighted motifs suggest candidate TF binding motifs and the
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corresponding TFs involved in the regulation of FCM and FCM+
FC gene expression (Fig. 3; Dataset S2). Collectively, these data
show various combinations of motif preferences within Lmd-
bound genomic regions that direct somatic mesodermal gene ex-
pression patterns, all of which correlate with in vivo binding of TFs
and the resulting diversity of cell type-specific gene expression
that they confer.

Determination of the Binding Motif for Lmd and Its Enrichment
Among Lmd ChiIP-seq Peaks. The enhancer classification showed
that motifs from the same TF class as Lmd are enriched among
Lmd-bound genomic regions, suggesting direct regulation by
Lmd. To evaluate this possibility, we determined the in vitro
DNA binding specificities of Lmd using high-resolution universal
protein-binding microarrays (PBMs) containing replicates of all
possible double-stranded 8-mer DNA sequences and a stan-
dardized protocol (35). A position weight matrix (PWM) derived
from the bound sequences was generated to visualize the DNA
binding preferences of Lmd. Similar to our previous analysis of
a mouse homolog of Lmd, Gli-similar 2 (Glis2) (36), a single
PWM was unable to capture the entire set of binding preferences
for Lmd (Fig. 44; Dataset S3) We refer to the two separate
binding preferences of this TF as Lmd primary (Lmd") and
secondary (LmdS) motifs. These results show that the in vitro
binding specificities of Lmd are very similar to other Kruppel-
like zinc finger proteins, including the closest mouse homolog of
Lmd, Gli-similar 3 (37).

A 5 Lmd Primary 5 Lmd Secondary
o ¥
o=V AGUcUUlc
5 5 3
B Fkh Lmd Lmd  Lmd

IED5-WT ‘]-"}ACCTACGChGCGTTTACMCATCATCGGCGGAGGGEA GGCTTGGGGTACTCMAGATCCCCCTGA}\E
IEDS5-Fkh TTACCTACGCAGCaTTTCcCAAAAACATCATCGGCGGAGGGCA GGCTTGGGGTACTCAAAGATCCCCCTGAAG

IEDS-Lmd TTACCTACGCAGCGTTTACAAAAACATCATCGGCGGAttGCA GGCTTGGLtTACTCAAAGATCCCLLTGAAG

.

IEDSWT-GFP

IED5L"-GFP

IED5FK-GFP

Fig. 4. Determination of the Lmd TF binding site and the locations of this
motif in the known Mef2 FCM enhancer. (A) PBM-derived primary and sec-
ondary sequence logos for Lmd. (B) Schematic of Fkh and Lmd binding sites
in the IED5 Mef2 FCM enhancer. The WT sequence of Lmd and Fkh binding
sites within the previously characterized essential 40-bp C/D region of the
IED5 enhancer, as well as the WT sequence of two additional Lmd binding
sites are shown (5). Additional versions in which those sites are mutated are
indicated in purple. The identification of these binding sites and the designs
of the mutant versions are described in Dataset S4 (C-E) Stage 13 embryos of
the indicated genotypes were stained for GFP (C-E) and Lmd (C'-E’). GFP
(green) expression driven by the WT enhancer (IED5WT-GFP) in a subset of
FCMs is abrogated when the three Lmd binding sites (D, IED5"M-GFP) or the
single Fkh binding site (£, IED57"-GFP) is mutated. (Scale bar, 20 pm.)
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Having defined the in vitro binding preferences for Lmd, we
next asked if these motifs are enriched within the Lmd ChIP-seq
peaks by comparing the fraction of Lmd-bound peaks containing
a PWM motif match to background controls. These results
showed that both Lmd” and Lmd® motifs were significantly en-
riched among all Lmd ChIP-seq peaks, and in the vicinity of those
associated with genes down-regulated in /md loss-of-function
mutants (Fig. S9). Observing enrichment of both Lmd motifs
agrees with previous studies documenting an inability of a single
consensus binding site to explain all aspects of in vivo TF binding
(4, 38, 39). Despite the enrichment of both motifs among all
Lmd-bound genomic regions, only Lmd® motifs were significantly
enriched among the Lmd peaks associated with FCM-specific
gene sets (Fig. S9). Thus, these results suggest that Lmd is di-
rectly regulating FCM-specific gene activity through Lmd” motifs.

Lmd, Twi, and Fkh Motifs Are Critical Functional Determinants of
Individual FCM Enhancers. A small (170 bp) enhancer called
IEDS is associated with the Mef2 gene and drives reporter ac-
tivity in a subset of somatic FCMs in a /md-dependent manner
(5). A smaller region was identified within this enhancer that is
necessary for reporter activity and that is recognized by Lmd in
a yeast one-hybrid screen (5) (Fig. 4B). To confirm that Lmd
binds to the IEDS5 enhancer, we scanned it for k-mer matches to
the PBM-derived Lmd binding sequence, because individual
k-mers provide a much better representation of the sequence
preferences than a PWM (Dataset S3). This analysis revealed
three sequences that are capable of binding Lmd (Dataset S4).
However, none of these motifs fall within the previously char-
acterized region that was proposed to bind this TF (5), although
one sequence capable of binding Lmd was found within a nearby
region (Fig. 4B; Dataset S4). The latter finding likely explains the
identification of Lmd in the yeast one-hybrid screen. To test the
functions of the newly identified Lmd motifs in the IEDS5 en-
hancer, we mutated these sequences such that their ability to
bind Lmd was significantly reduced, as judged by the chosen
PBM enrichment score of the mutant sequence. A GFP reporter
driven by the WT enhancer (Fig. 4C) is active in a subset of
somatic FCMs. However, mutagenesis of the Lmd TF binding
sites abrogated activity of the enhancer (Fig. 4D). These func-
tional findings, combined with our in vivo Lmd binding results,
strongly suggest that Lmd is directly binding to three separate
sites in the IEDS enhancer to activate its activity.

To identity other TFs that may target the IEDS enhancer (5),
we used the UniPROBE database of TF binding specificities to
search for candidates (40). These results identified a binding site
for Foxll and Fkh2 (vertebrate and yeast Fkh family TFs, re-
spectively) (Dataset S4). This motif was particularly intriguing
because our previous machine learning approach identified Fkh
motifs as being positively weighted for classifying Lmd peaks
associated with both FCM and FCM+FC gene sets (Dataset S2).
Furthermore, a Fkh motif encompasses the two small regions
previously found to be necessary for IEDS5 enhancer activity (Fig.
4B) (5). To test the function of this IED5 Fkh motif, we mutated
this sequence such that its ability to bind Fkh TFs was signifi-
cantly diminished, as judged by its PBM enrichment score. This
experiment confirmed that the Fkh motif is indeed essential
for full activity of this enhancer (Fig. 4E). In conclusion, our
functional studies document the importance of Fkh-like motifs
for FCM enhancer activity and help to clarify the identity and
locations of the functional Lmd binding sites in the IEDS5
Mef2 enhancer.

To test the function of Lmd binding sites in another FCM
enhancer, we first searched candidates (Dataset S1 for k-mer
matches to sequences capable of binding Lmd, as judged by PBM
enrichment score, which led to the identification of the pre-
viously characterized enhancer associated with the blow FCM
gene (Fig. 54) (4, 24). ChlIP results revealed that the blow CRE
is bound by Lmd in vivo (Dataset S1; Figs. S5B and S8B). A lacZ
reporter driven by the WT blow enhancer is active in the visceral
and somatic FCMs, as well as in the amnioserosa and isolated
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Fig. 5. Lmd and Twi binding sites are necessary for FCM enhancer activity.
(A) Distribution of Twi and Lmd binding sites in the previously characterized
blow FCM enhancer (4, 24). Binding sites for Twi were previously published
(43), and sequences capable of binding Lmd based on PBM enrichment score
are shown. The WT reporter (B) and versions in which Lmd (C) and Twi (D)
binding were abolished were designed. The identification of these binding
sites and the designs of the mutant versions are described in Dataset S4. (B-
D) Stage 11 embryos of the indicated genotypes were stained for p-Gal (B-D)
and Lmd (B’-D’) proteins. The B-Gal reporter is extinguished in the somatic
and visceral FCMs but not the ectoderm or amnioserosa when Lmd binding
sites (blow™-lacZ, C) are mutated. The B-Gal reporter is also attenuated in
the somatic and visceral FCMs but not the ectoderm when Twi binding sites
are mutated (blow™-lacZ, D). (Scale bar, 20 pm.)

cells of the ectoderm (Fig. 5B). Interestingly, site-directed mu-
tagenesis of the three Lmd binding sites in this enhancer
revealed that these sequences are essential for full enhancer
activity in both the Lmd-expressing somatic and visceral FCMs.
However, as expected, p-Gal reporter activity is not affected in
the amnioserosa and ectoderm (Fig. 5C), consistent with Lmd
not being expressed in these nonmesodermal cell types (5, 8).
These results show that direct Lmd binding to the blow FCM
enhancer is required for proper activity in the somatic and vis-
ceral FCMs. Given differing opinions on the role of Lmd in the
visceral muscle, our results lend support to a role for Lmd in
either directly regulating visceral muscle gene expression or at
least playing a collaborative role with other TFs necessary for
visceral muscle gene activity (5, 8).

To gain a more thorough understanding of FCM gene regu-
lation, we examined additional sequence features associated with
the machine learning classification of Lmd peaks. As noted
previously, E-box motifs, which could bind Twi, were heavily
weighted in the enhancer modeling of FCM gene sets. In addi-
tion, Twi cooccupied these Lmd regions in vivo (Fig. 2; Fig. S8B).
To test the function of direct Twi binding to a previously char-
acterized FCM enhancer, we mutated the five Twi binding sites
in the blow FCM enhancer (Fig. 5A4). This analysis showed loss of
enhancer activity in both the VM and somatic FCMs. Consistent
with the absence of Twi expression in the ectoderm (13), con-
tinued activity of the Twi site mutant blow enhancer was main-
tained in the latter cells (Fig. 5D). Taken together, these results
argue that Twi binding directly to FCM enhancers is required to
regulate these elements. These findings, combined with our en-
hancer modeling and in vivo cooccupancy studies, strongly sup-
port a regulatory code of Lmd and Twi as being directly required
to regulate FCM gene expression (Fig. S84).
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Conclusions

Here we used an integrated genomics approach to define the
motif features, in vivo TF combinatorics, and chromatin state
associated with Lmd-bound transcriptional regulatory elements.
Integrating these data with our prior gene expression atlas
identified regulatory combinations of TFs that work together to
direct cell-specific patterns of gene expression in the somatic
mesoderm. We validated these transcriptional codes by first
defining the in vitro binding preferences for Lmd and then using
site-directed mutagenesis of overrepresented TF binding sites in
known FCM enhancers. In addition, this study suggests the ex-
istence of a previously uncharacterized feedforward loop acting
between Twi and Lmd in regulating a subset of FCM genes.
Furthermore, the cell sorting approach that we used before
conducting ChIP-seq studies likely aided in identifying low-level
TF occupancy signals that are otherwise difficult to detect for
cell-specific TFs. This experimental strategy further focused our
analyses of in vivo DNA binding to the cell types of interest,
similar to a recent analysis of histone marks associated with
sorted mesodermal nuclei (10). We envision that future exten-
sion of this integrated approach to additional TFs will further
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refine the transcriptional codes that direct cell type—specific gene
expression patterns in the Drosophila mesoderm, with further
generalization of this strategy readily applicable to other model
organisms and developmental systems.

Materials and Methods

Details are provided in SI Materials and Methods. ChIP was performed as
described (41) on sorted primary mesodermal cells (6). Raw sequencing data
were obtained with an Illumina HiSeq-2000 sequencer and deposited in the
Gene Expression Omnibus as GSE38402. PBM assays (15), classifier training
(16), and analysis of transgenic reporter constructs (15, 16) were performed
as described.
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